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Tests were made at MSFC to evaluate the effects of lightning strikes on the Shuttle External Tank gaseous 
oxygen pressurization line. This line, designed to conduct gaseous oxygen at a pressure and temperature of 
approximately 4.14 x 10 8 N/m 2 gage pressure (600 psig) and 302°C (575°F), may also act as a lightning con- 
ductor. Questions have been raised as to the potential hazard of this line as a lightning conductor with specula- 
tion as to the damage that might occur to the pressurization line, and the adjacent thermal protective surfaces, 
from a lightning strike. The region of investigation was from above the cone of the launch tower lightning 
protection to 15.24 km (50 000 ft) altitude. 

Tests were performed on samples of thin wall stainless steel tubing filled with gaseous oxygen under 
simulated flight conditions. These tests were performed according to, and exceeding, the Shuttle Lightning 
Protection Specification JSC-07636, Revision A, for Component Testing. No specimen malfunctions occurred 
when the tests were conducted according to JSC specifications. 

During the intermediate current tests, when the JSC specifications were deliberately exceeded to cause 
sample failures, there were no signs of flame, the holes remained small, and the flow of gaseous oxygen 
extinguished the arc. Some samples did burst along damaged areas during the 400 amp swept stroke tests of 
0.79 m/ s (2.6 ft/s), but were tested at a simulated velocity far below the test specification requirements of 
19.5 m/s (64 ft/s). 


Based ca the JSC specifications and the results of these tests, it is concluded that a lightning strike will 
not cause a malfunction of the Shuttle External Tank gaseous oxygen line made of the representative material 
tested. 
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TECHNICAL MEMORANDUM X-73322 


EXTERNAL TANK GASEOUS OXYGEN LINE 
SIMULATED LIGHTNING TESTS 

I. INTRODUCTION 

Artificial lightning tests have been carried out on samples of stainless 
steel tubing filled with gaseous oxygon (GOX) at simulated flight conditions of 
4. 14 x 10 6 N/ m 2 gage pressure (600 psig) and 302°C (575°F) . The purpose of 
these tests was to evaluate possible lightning damage to the GOX line that 
extends along the outside of the Shuttle External Tank (ET). These tests were 
performed according to, and exceeding, the Shuttle Lightning Protection Speci- 
fication JSC-07636, Revision A, for Component Testing. No malfunctions 
occurred when the tests were conducted according to JSC test specifications. 

Some tests, which exceeded the JSC specification, were conducted to 
deliberately cause a test specimen puncture. These tests were to evaluate the 
possible damage that could result from the escaping hot GOX in the presence 
of hot metal or lightning hang-on. Based on a test specification minimum vehicle 
velocity of 19. 5 m/s (64 ft/s) and from the results of these tests, it is con- 
cluded that there will be no malfunction of the noninsulated GOX line as a result 
of a lightning strike. 


II. DESCRIPTION OF TESTS 


A diagrammatic representation of a lightning model is shown in Figure 1. 
According to the Shuttle Lightning Protection Test S|K’cii'ication, JSC-07GIU1, 
Revision A, Appendix A-l, Deviation, the GOX pressurization line will only be 
required to withstand the lightning model' s second return stroke at a vehicle 
minimum velocity of 19.5 m/ s ((14 ft/s). This model can be represented for 
the purposes of testing by a high current, an intermediate current, and a 400 
amp continuous current. The current waveforms required by the test speci- 
fications for testing the GOX line are as follows: 
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a. High Current Test — A 10 kHz damped sinusoidal waveform, 50 000 
amp peak. 

b. Intermediate Current Test — A waveform with 1ms rise time and a 
2 ms fall time to 50 percent amplitude and a peak current of 2500 amps. 

c. 400 Amp Continuing Current Test — A 400 amp swept stroke current 
at a simulated vehicle velocity of 19.5 m/s (04 ft/s). 

All of the GOX line samples used in these tests were either 304 or 321 stainless 
steel tubing, 5.08 cm (2 in. ) in diameter with a wall thickness of 0.051 cm 
(0.020 in. ) . A stainless steel plate was welded to each end of the sample and 
fitted with a tubing connector. For the tests, the samples were heated to 302°C 
(575 e F) and filled with GOX, from a continuous flow regulator, to a pressure 
of 4.14 N/ m 2 gage pressure (000 psig) to simulate flight conditions. 

A. High Current Tests 

The test facility used for the high current test is shown in Figures 2 and 
3. A photograph of a typical test current waveform is shown in Figure 5. Tests 
were conducted with a peak current ranging from 00 000 to 140 000 amps. The 
external damage to the GOX line sample, alter the 140 000 amps simulated 
lightning strike, is shown in Figure 4. 

There was very little damage to the GOX line samples from these high 
current, short duration tests (Table 1). The test specimens had extensive 
external metal movement and discoloration ( Fig. 4 ) but very little wall thinning. 

The wall thinning was only 0.008 cm (0.003 in. ) after the test of 140 000 amps. 


B. Intermediate Current Tests 

The test facility shown in Figures 2 and 3 was used for the intermediate 
current tests. A photograph of a typical test current waveform is shown in 
Figure G, and a photograph of the inside surfaces of five lightning strike tests 
Is shown in Figure 7. Three of these samples are of single strike tests, where 
no punc 'ures occurred. The other two samples are of multistrike tests in the 
same area on the specimen to purposely obtain a sample puncture. The external 
surface area and hole, after a multistrike test, is shown in the photograph of 
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Figure 8. It was necessary to have a puncture occur from a simulated lightning 
strike to assess the damage caused from the escaping hot oxygen in the presence 
of hot metal or a hot spark. Although the actual test current waveform did not 
meet the test specification curve width, the peak current amplitude was much 
higher, and the total energy discharged into the sample exceeded specifications. 

It should be noted that no problems occurred when the artificial lightning 
tests were made within test specifications. 

Results of single strike tests were as follows: 

1. There was extensive external metal movement and discoloration. 

2. There was discoloration of the internal wall (Fig. 7). 

3. Wall thinned approximately 30 to 50 percent. 

4. No puncture of the specimen occurred. 

Results of multistrike tests were as follows: 

1. First sample punctured with a second strike in the same area causing 
a small hole, approximately 0.010 cm (0.004 in.) in diameter. Figure 7. 

2. Second sample punctured with a third strike in the same area causing 
a larger hole than the first, approximately 0. 190 cm (0.075 in. ) in diameter 
(Figs. 7 and 8). 

3. GOX flow through the holes extinguished the arc in lx>lh samples 
(Fig. 9). 

4. GOX pressure was maintained despite the hole. 

5. Metal around the holes was pushed out and ragged due to the outward 
flow of GOX. 

0. High S|)ccd (5000 I'/ s) movie film was made of these tests showing 
the arc being extinguished. 

A summary of the tests, test conditions, aiul test results are shown in 
Tabic 2. 
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C. High Altitude Tests 
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These tests were made to determine the comparative effects of a lightning 
strike at ground level and at a high altitude. A simulated altitude of 15. 24 km 
( 50 000 ft) was chosen. The intermediate current test facility ( Fig. 2) and 
current waveform (Fig. G) were used to perform these tests. The sample and 
high current electrode were placed inside a vacuum chamber, and two scries of 
tests were made under the same conditions, except for the reduced sample 
external pressure of 1. 17 N/ m 2 absolute (1.7 psia) to simulate an altitude of 
15.24 km (50 000 ft). 

Results of tests at atmosphere pressure were as follows: 

1. Five strikes in the same area were required to puncture the sample. 

2. The hole was approximately 0.07G x o. 152 cm (0.030 x 0.060 in. ). 
Edges were pushed out and jagged. 

Results of high altitude tests (15.24 km) wore as follows: 

1. Twelve strikes in the same area were required to puncture the 
sample. 

2. The hole was so small that a microscope was required to locate the 
opening. 

A summary of the tests, test conditions, and test results are shown in 
Table 3. 


D. 400 Amp Continuing Current Tests 

To tesv and evaluate the 400 amp eontinuing current portion of the 
lightning model, five samples were tested: one sample was used for a stationary 
test (Table 4), and four samples were used for the swept stroke tests (Tables 
5 through 8). The facility shown in Figure 10 was used to |>e rf(> . all of the 
400 amp tests. A photograph of the test facility and toe GOX line sample is 
shown in Figure 11. 
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1. 400 Amp Stationary Test . This test, though exceeding specification ; 
was performed to assess the damage to the GOX line from a possible burning 
around the edges of the puncture (causing a large hole) due to the hot GOX and 

a conceivable lightning current attachment to the line at the point of the puncture. 

The test was made by initiating the 400 amp arc on the ste el tab ( Fig. 10) , 
turning the inert gas off, and then moving the arc onto the sample. The arc 
was then stopped and held over the puncture. 

Results of 400 amp stationary test were as follows: 

a. Punch through occurred immediately. 

b. There was no flame. 

c. The hole remained small, approximately 0.178 cm (0.070 in.) 
diameter. 

d. The GOX extinguished the are. 

c. The flow of GOX caused fast erosion of the hot electrode. 

A summary cf the tests, test conditions, and test results arc shown in 
Table 4. 

2. 400 Amp Swept Stroke Tests . The 400 amp swept stroke tests woro 
made by initiating the arc on the steel tab ( Fig. 10) , turning the inert gas off, 
and triggering the travel mechanism to sweep the are along the length of the 

sample. Several different arc travel speeds were tested with each sample. i 

Results of 400 amp swept stroke tests were as follows: 

a. No puncture occurred with an are travel speed in excess of 0.91 m/ s 
( 3 ft/ s) . 

b. A test was made over a prior are path (Table <») ; the sample burst 
along the prior arc path upon are contact with the damaged section ( Fig. 12). 

c. At 0.79 m/ s (2.0 ft/s), the loo amp are traveled approximately 
18 cm (7 in.) along the sample before a puncture occurred, Table 8. Fhe 
sample then burst along the traversed path of the arc ( Fig. 13). 


5 


4 



i 


A summary of the tests, test conditions, and test results are shown in 
Tables 5 through 8. 


III. CONCLUSIONS 


When the tests were made in accordance with test specification JSC- 
07636, Revision A, no failure occurred in any of the test samples. Although 
there was a definite wall thinning during the intermediate current tests, there 
were no indications of a probable punch-through; but if a punch-through did 
occur, it should cause no specific problems because the flow of GOX would tend 
to extinguish any flame. In the intermediate current tests, when the specifica- 
tions were exceeded and the samples punctured, there were no signs of flame, 
the holes remained small, the GOX extinguished the arc, and there was no loss 
of GOX pressure. 

If a severe lightning strike did damage a section of the GOX line and a 
puncture did result, the damaged section would probably rupture or burst. 
However, this problem only occurred at simulated velocities of less than 0.79 
m/s (2.6 ft/s) which is far below the swept stroke test specification minimum 
velocity requirement of 19. r> m/s (61 ft/s). 

Based on the lightning test s{>ccificntion requirements and the results of 
these tests, it is concluded that a lightning strike should not cause a malfunction 
in the GOX line made from the materials tested and if the line is noninsulatcd. 

If the GOX line is insulated or covered with a thermal protective material, 
these tests may not be valid because of the increased lightning hang-on time. 
Therefore, the addition of any type of insulation to the GOX line will require 
additional testing of the new line configuration. 
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Figure 2. Test facility for high and intermediate current. 
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Figure 7. Inside surfaces of 5 intermediate current tests. 
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TimcT 2 = To + 12 ms Time T 3 = T 0 + 1 .8 ms 

GOX flow through hole in sample extinguishes arc. Arc and hole 
were made by the third intermediate current strike in the same 
area. Hole was 0.190 cm (0.075 in.) diameter. 

Figure 9. Intermediate current deliberate puncture test. 


FKPibVOUCIimjJY (>;• 
aL PAbT 1^ l’l * 


I 


14 



Figure 10. Test facility for 400 amp continuous current. 





Figure 11. Test facility for the 400 amps continuous current tests 




Figure 12. 400 amp continuous current facility and test sample after a test over a prior arc path 
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TABLE 1. HIGH CURRENT TESTS 


Test Conditions 


GOX pressure 

GOX temperature 

Test current waveform 

Test facility 

Capacitor bank 

Test facility R 

Test facility I- 

Material 

Wall thickness 

Diameter 

length 


4. 14 x 10® N/m 2 gage pressure 
( ooo psig) 

G02°C ( 575*F) 

Figure 5 

Figure 2 

.‘500 pf, 18 000 J 

Distributed line resistance 

Distx’ibutcd line inductance 

504 stainless steel 

0.051 cm (0.020 in.) 

5.08 cm (2 in. ) 

27.94 cm (11 in.) 


I 

j 
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Test 

Peak 


Strike 

Current 


No. 

(kA) 

Results 

1 

00 

Slight surface damage and dis- 
coloration 

2 

90 

Slight surface damage and dis- 
coloration 

I 1 

140 

Considerable surface metal 
movement and dark discolora- 
tion with a minor wall thinning 
of approximately 0.008 cm 
(o.noa in.) 





TABLE 2. intermedia ;: current tests 



Tost t 

%*<»: *Mons 

GOX pressure 


4 . 14 x 10® N/ m 2 gage pressure 
(GOO psig) 

GOX tempo rati re 


302°C (575°F) 

Test current waveform 

Figure 6 

Test facility 


Figure 2 

Capacitor bank 


720 pf, 36 000 J 

Test facility R 


1. 35 ohms 

Test facility L 


400 pH 

Material 


304 stainless steel 

Wall thickness 

Diameter 

Length 


0.051 cm (0.020 in.) 
5. 08 cm (2 in. ) 

27.94 cm (11 in.) 

Test 

Strike Sample 
No. No. 

Peak 

Current 

(kA) 

Results 



Photographs of the results of 
these tests are shown in 
Figure 7. 

1 1-15-2 

5. 5 

Single strike — extensivo 
external damage, internal 
wall discoloration, wall thin- 
ning to 0.028 cm (0.11 in.), 
no puncture. 

2 2-15-1 

5. 0 

Single strike — extensive 
external damage, internal 
wall discoloration, wall thin- 
ning to 0.030 cm (0.014 in. ), 
no puncture. 



TABLE 2. (Concluded) 


Sample 

No. 

Peak 

Current 

(kA) 

1-2- 

5. 5 

20-2 


1-2- 

5.0 

20-2 


1-21-3 

5. 0 


2-3-4- 

2-3-4- 

21-3 

2-3-4- 

21-3 


Results 

First strike — extensive 
external damage. 

Second strike same area — 
puncture, small hole 0.010 cm 
(0.004 in.) diameter, edges 
arc pushed out and very rag- 
ged, GOX flow through hole 
extinguished arc (Fig. 9). 

GOX pressure was maintained. 

Single strike - extensive external 
damage, internal wall discolora- 
tion, no puncture 

First strike - extensive external 
damage 

Second strike same area - more 
damage 

Third strike same area - punc- 
ture, 0. too cm (0.073 in.) 
diameter hole, edges pushed out 
and ragged. See Figure H. GOX 
pressure was maintained. Some 
very good high s|)ecd movie film 
(300 frames/ second) was taken of 
this test. 




TABLE 3. HIGH ALTITUDE TESTS 



Test Conditions 

The atmospheric pressure tests and the simulated high 
altitude tests were conducted under the same conditions, 
except for the reduced sample external pressure to simulate 
15.24 Ion (50 000 ft) altitude. These tests were made 
together for the purpose of comparing results. The inter- 
mediate current waveform of 5 kA peak was used for the 

tests. 


GOX pressure 

4. 14 x 10® N/ m 2 gage pressure 
(000 psig) 

GOX temperature 

302°C ( 575° F) 

Test current waveform Figure 6 

Test facility 

Figure 2 

Capacitor bank 

720 pf, 36 000 J 

Test facility It 

1. 35 ohms 

Test facility L 

400 pli 

Material 

321 stainless steel 

Wall thickness 

0.051 cm (0.020 in.) 

Diameter 

5. 08 cm (2 in. ) 

Length 

30.48 cm (12 in.) 

Test Peak 

Strike Current 


No. (kA) 

Results 

1-5 5 

At atmospheric pressure of 1.01 x 10 5 
N/m 2 (14.7 psia), five strikes in the 


same ai'ea were required to puncture 
sample. The hole was a|iproximatcly 
0.076 x 0.152 cm (0.030 x 0.060 in. ) 
pushed out and jagged. 

1-12 5 

At a pressure of 1. 17 x lo 4 N/m 2 
absolute (1.7 psia) simulating an 
altitude of 15.21 km (50 000 ft), 
twelve strikes in the same area wore 
required to puncture the sample. The 
hole was so small that a microscope 
was required to find the o|xming. 
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Test Conditions 


GOX pressure 

GOX temperature 
Test current 
Test facility 


4. 14 x 10® N/ m 2 gage pressure 
( GOO psig) 

302° C (575°F) 

400 amps continuous 

Figure 10 


Material 

Wall thickness 

Diameter 

I-ength 


321 stainless steel 

0.051 cm (0.020 in.) 
5. 08 cm (2 in. ) 

30. 48 cm ( 12 in. ) 


Test Procedure 


1. Initiate arc on steel tab (Fig. 10) 

2. Turn off inert gas. 

3. Move arc onto sample. 

4. Hold arc and hot electrode above puncture. 

Test Results 

1. Hole occurred immediately. 

2. No flame, the hole remained small approximately 
0.178 cm (0.070 in.) 

3. The GOX extinguished the arc. 

4. The flow of GOX eroded the hot cloetrode. 






TABLE 5. 400 AMP SWEPT STROKE (SAMPLE l) 



Test current 

Test Conditions 

400 amps continuous 


Test facility 

Figure 10 


Material 

321 stainless steel 


Wall thickness 

0.051 cm (0.020 in. ) 


Diameter 

5.08 cm (2 in. ) 


Length 

30.48 cm (12 in.) 

Test 

Arc 


Strike 

Travel, 


No. 

m/s (ft/ s) 

Results 

1 

0.4G (1.5) 

GOX pressure — atmospheric 
GOX temperature — ambient 

Sample pressurized after test — no leak. 

2 

0.31 (1.0) 

Sample pressurized after test — no leak. 

3 

0.40 (1.5) 

GOX pressure — 4. 14 x 10 6 N/m 2 gage 
pressure (600 psig) 

GOX temperature — ambient 

Punctured upon arc contact with 



sample. 

GOX extinguished arc. 
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TABLE 6. 400 AMP SWEPT STROKE (SAMPLE 2) 


Test Conditions 

GOX pressure 

GOX temperature 

Current 

Tost facility 

Material 

Wall thickness 
Diameter 
length 


Test 

Strike 

No. 

Arc 

Travel, 
m/ s (fl/s) 

Results 

1 

2.89 (9.5) 

No puncture 

2 

2.71 (8.9) 

No puncture 

3 

2.44 (8.0) 

No puncture 

4 

2.2G (7.4) 

No puncture 

5 

1.80 (5.9) 

No puncture 

G 

1.49 (4.9) 

No puncture 

7 

0.79 (2.G) 

Sample burst. This test was 
over the same arc path as test 
number G. Sample burst along 
the prior path upon arc contact 
(Fig. 12). 


4. 14 x io B N/ m 2 gage pressure 
(GOO psig) 

Ambient 

400 amps continuous 

Figure 10 

021 stainless steel 

0.051 cm (0.020 in. ) 

5. OH cm (2 in. ) 

00.48 cm ( 12 in. ) 
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TABLE 7. 400 AMP SWEPT STROKE (SAMPLE 3) 


Test Conditions 

GOX pressure 

4.14 x lo 6 N/m 2 gage pressure 
(duo psig) 

GOX temperature 

302 °C (575°F) 

Test current 

400 amps continuous 

Test facility 

Figure 10 

Material 

321 stainless steel 

Wall thickness 

Diameter 

Length 

0.051 cm (0.020 in. ) 
5. 08 cm (2 in. ) 

30.48 cm (12 in.) 

Test Arc 

Strike Travel , 

No. m/ s ( ft/ s) 

Results 

1 1.80(5.9) 

No puncture 

2 1.49 (4.9) 

No puncture 

— - - — -■ - — - ^ 




Test Conditions 

GOX pressure 

4. 14 x 10® N/ m 2 gage pressure 
(GOO psig) 

GOX temperature 

n02°C (575°F) 

Current 

400 amps continuous 

Test facility 

Figure 10 

Material 

.°>21 stainless steel 

Wall thickness 

Diameter 

Length 

0.001 cm (0.020 in.) 
5.08 cm (2 in. ) 

50.48 cm (12 in. ) 

Test Arc 

Strike Travel, 

No. m/ s ( ft/ s) 

Results 

1 1.58 (5.2) 

No puncture 

2 l.i:i(3.7) 

No puncture 

■'< o.9i (o.o) 

No puncture 

4 0.79(2.0) 

Sample burst. At 0. 79 m/ s 
(2.0 ft/ s), the 400 amp arc 
traveled 18 cm (7 in.) along 
the sample before a puncture 
occurred. The sample then 
burst along the traversed 
arc path (Fig. l.‘l). 
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